Two transcription factors, ZEBRA and Rta, switch Epstein-Barr virus (EBV) from the latent to the lytic state. While ZEBRA also plays an obligatory role as an activator of replication, it is not known whether Rta is directly required for replication. Rta is dispensable for amplification of an oriLyt-containing plasmid in a transient-replication assay. Here, we assessed the requirement for Rta in activation of viral DNA synthesis from the endogenous viral genome, a function that has not been established. Initially, we searched for a ZEBRA mutant that supports viral replication but not transcription. We found that Z(S186A), a mutant of ZEBRA unable to activate transcription of Rta or viral genes encoding replication proteins, is competent to bind to oriLyt and to function as an origin recognition protein. Ectopic expression of the six components of the EBV lytic replication machinery failed to rescue replication by Z(S186A). However, addition of Rta to Z(S186A) and the mixture of replication factors activated viral replication and late gene expression. Deletion mutagenesis of Rta indicated that the C-terminal 10 amino acids (aa) were essential for the function of Rta in replication. In vivo DNA binding studies revealed that Rta interacted with the enhancer region of oriLyt. In addition, expression of Rta and Z(S186A) together, but not individually, activated synthesis of the BHLF1 transcript, a lytic transcript required for the process of viral DNA replication. Our findings demonstrate that Rta plays an indispensable role in the process of lytic DNA replication.
L ytic infection is intrinsic to Epstein-Barr virus (EBV) pathogenesis. Viral particles are synthesized and assembled exclusively during the lytic state. Activation of the lytic cycle gene expression program is the only route for virus propagation. Activation of the lytic program is mediated by two transcription factors, ZEBRA and Rta, encoded by the viral BZLF1 and BRLF1 genes (1) (2) (3) (4) . Both proteins are required to trigger sequential events that include expression of replication proteins (RPs), viral genome amplification, and synthesis of late structural proteins (1, 2, (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) .
A complete linear viral genome contains two copies of the origin of lytic DNA replication (oriLyt), which regulate the process of genome amplification. These oriLyt sequences are ϳ105 kbp apart and are located in the left and right duplicated sequences of the genome (DS L and DS R ) (15) . Naturally occurring EBV strains with deletions of one copy of either origin, such as the B95-8 and P3HR1 virus strains, still maintain the capacity to replicate the entire viral genome (16, 17) . Each origin of replication contains the DNA regulatory elements sufficient to replicate a surrogate oriLyt plasmid in cis (15) . Previous studies with oriLyt plasmids characterized three important cis elements present in the DS L origin, also known as BamHI-H oriLyt (18) . These cis elements are the upstream and downstream elements, which are essential for genome amplification, and a dispensable enhancer element (15, 18) . The upstream element overlaps the promoter controlling expression of the BHLF1 gene. The DNA sequences overlapping the BHLF1 promoter and the upstream region of oriLyt contain four ZEBRA response elements (ZRE-1 to -4) (9) . ZRE-1 to -4 are necessary for transcription of BHLF1 and replication; deletion of these four ZREs or substitution with bovine papillomavirus E2 or Gal4 binding sites disrupts the function of the BHLF1 promoter in activation of transcription and the function of oriLyt in replication (12, 13) . In addition to the ZREs, the upstream region contains a functional C/EBP binding site located between ZRE-2 and ZRE-3. Deletion of the C/EBP binding site in an oriLyt plasmid has a deleterious effect on the capacity of oriLyt to support replication (19) .
The 40-bp downstream element of oriLyt is separated from the upstream region by approximately 530 nucleotides (18) . The downstream element lacks ZEBRA and Rta binding sites but contains Sp1 and ZBP-89 binding motifs (20, 21) . In vitro DNA binding studies revealed that Sp1 and ZBP-89 bind to the downstream component of oriLyt in a cooperative manner (20) . Overexpression of Sp1 or ZBP-89 enhanced replication of an oriLyt plasmid in EBV-positive cells. Sp1 and ZBP-89 were shown to interact with the viral polymerase holoenzyme that consists of the catalytic subunit (BALF5) and the polymerase processivity factor (BMRF1). Thus, Sp1and ZBP-89 might contribute to the process of lytic DNA replication by tethering replication proteins to oriLyt (20) .
Although the enhancer element in oriLyt is categorized as nonessential, its presence increases the replication efficiency of an ori-Lyt-containing plasmid. The enhancer element contains three ZEBRA response elements (ZRE-5, -6, and -7), two Rta response elements (RRE-1 and -2), and a ZBRK1 binding site (18, 22) . Deletion of the Rta or ZBRK1 binding sites reduced but did not abolish replication of an oriLyt plasmid (18, 22) .
In a recent reexamination of the minimal sequences of EBV DNA that are sufficient to mediate oriLyt plasmid amplification, Rennekamp and Lieberman found that either the BHLF1 or the BHRF1 open reading frames (ORFs) and transcripts from one of these regions were essential for oriLyt function (23) . Synthesis of the GC-rich BHLF1 transcript seemed to be necessary for the for-mation of an RNA-DNA hybrid with oriLyt DNA during initiation of lytic replication. This hybrid was thought to promote initial strand separation and recruitment of the viral single-stranded DNA (ssDNA) binding protein, BALF2, to oriLyt. However, it is not understood how the BHLF1and BHRF1 transcripts compensate for each other's role in supporting DNA replication. These new findings implicate transcription factors that mediate activation of the BHLF1and BHRF1 promoters in the process of viral genome amplification.
Rta plays an essential role in the transition of EBV from latency to the lytic cycle in infected B lymphocytes and epithelial cells (6, 11, 14) . The Rta protein has three functional domains, a DNA binding domain (positions 1 to 280), a dimerization domain (positions 1 to 232), and a transcription activation domain (positions 416 to 605) (24) . The DNA binding activity of Rta is regulated by an intrinsic 55-amino-acid sequence (positions 555 to 605) referred to as the DNA binding-inhibitory sequence (DBIS). The DBIS blocks the capacity of wild-type (wt) Rta or the minimal DNA binding region of Rta (positions 1 to 350) to interact with DNA (25) . Deletion of the last 10 amino acids in Rta or alanine substitution of phenylalanines 600 and 605 disrupted the action of the DBIS. While these mutations enhance the capacity of Rta to interact with DNA in vitro, the mechanism by which the inhibitory effect of the DBIS is suppressed to allow Rta to interact with DNA in vivo is not known.
While the role of Rta in activation of transcription is well established, evidence for its involvement in the process of viral DNA replication is conflicting. Rta is dispensable for replication of an oriLyt-containing plasmid. However, several lines of indirect evidence suggest that Rta plays an important role in viral DNA replication. Rta colocalizes with other replication proteins such as BMRF1 to viral replication compartments in the nuclei of lytically infected cells (26, 27) . Rta interacts with the primase-associated factor BBLF2/3, one of the main components of the viral replication machinery (22) . Rta partially rescues the replication function of Z(m12/13), a ZEBRA mutant that fails to support replication, presumably due to its inability to interact with BBLF2/3-BSLF1 primase subcomplex (28) . In Kaposi's sarcoma-associated herpesvirus (KSHV), the ORF50 protein, a homolog of Rta, plays an essential role in the process of viral DNA replication (29) .
In this report, we employed replication-defective ZEBRA mutants to investigate the role of Rta in replicating the endogenous viral genome. We found that providing the origin recognition function of ZEBRA plus all six replication proteins was insufficient to activate viral replication of the endogenous viral genome. However, ectopic expression of Rta was sufficient to rescue both viral DNA replication and late gene expression. Our findings established an essential role for the Rta protein in the process of lytic viral DNA replication. Plausible mechanisms for the role of Rta in replication included binding to the enhancer region of oriLyt and activation of transcription of BHLF1.
MATERIALS AND METHODS
Cell culture and transfection. BZKO (Bam Z knockout) cells are 293 human embryonic kidney cells (30, 31) stably transfected with the EBV B95-8 bacmid containing a deletion in the BZLF1 gene, encoding the ZEBRA protein (6) . BZKO cells were cultured in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 g/ml hygromycin B (Calbiochem), and antibiotics (penicillin-streptomycin at 50 units/ml and amphotericin B at 1 g/ml). DNA transfection was performed in 25-cm 2 flasks using 36 l DMRIE-C reagent (Invitrogen) and 18 g of total DNA, which included 3 g of ZEBRA or Rta expression vectors and 2 g of each construct encoding a replication protein. Empty vectors were used to adjust the final DNA concentration to 18 g. All transfected cells were harvested at 48 h after transfection. Cells were maintained at 37°C in a humidified 5% CO 2 incubator.
Expression vectors. The expression vectors for ZEBRA (Z), Z(S186A), Z(S173A), BALF2, and BMRF1 were prepared as previously described (32) (33) (34) . Expression vectors for the viral open reading frames encoding Rta (R), BALF5, BBLF2/3, BBLF4, and BSLF1 were a kind gift from Diane Hayward (2, 7) . DNA fragments corresponding to Rta amino acid positions 1 to 350, 1 to 450, 1 to 550, and 1 to 595 were generated by PCR. The PCR fragments were cloned into the EcoRI and XbaI sites of the pRTS eukaryotic expression vector. Construction of the pRTS-VP16 plasmid and Rta(1-550)-VP16 has been described previously (35) . PCR fragments encoding Rta(1-595) and Rta(F600A/F605A) were cloned into the pRTS-VP16 construct using XbaI and PstI cloning sites.
Antibodies. Anti-FLAG is a mouse monoclonal antibody (Sigma). The monoclonal BMRF1 antibody (R3.1) was kindly provided by G. Pearson (36) . Anti-ZEBRA (S1605-F), anti-BFRF3 (S1931-1), and anti-Rta (S2454) are polyclonal rabbit sera developed in our laboratory against full-length viral proteins expressed in Escherichia coli using the pET expression system. The proteins were purified from E. coli using nickel affinity chromatography.
SDS-PAGE and immunoblotting. Expression of viral proteins was assessed using Western blotting. Cell lysates were prepared 48 h after transfection by resuspending cells in sodium dodecyl sulfate (SDS) sample buffer at 10 6 cells per 10 l. Samples were sonicated for 20 s and boiled for 5 min. Proteins were separated in a 10% SDS-polyacrylamide gel by electrophoresis and transferred to nitrocellulose membranes (Bio-Rad). The Western blot was incubated with the indicated antibodies. For mouse monoclonal antibodies, a rabbit anti-mouse bridge (Invitrogen) was used. Protein bands were detected using 125 I-labeled protein A (Perkin-Elmer) and autoradiography.
Quantitative RT-PCR (qRT-PCR). RNA was purified from BZKO cells at 48 h after transfection using Qiagen products. The level of EBV transcripts encoding lytic viral replication proteins was determined using the iScript SYBR green RT-PCR kit (Bio-Rad). The amount of RNA present in each sample was normalized to 18S rRNA or GAPDH (glyceraldehyde-3-phosphate dehydrogenase) RNA. Assays on individual samples were performed in triplicate. The efficiency of each primer set was determined by quantitative PCR using 10-fold serial dilutions of template DNA. The following DNA sequences were used as primers: to detect BALF2, forward 5=-CACCACATCTATGACGTTGC-3= and reverse 5=-C CGGACACTAAGCTCTCAAG-3=; BALF5, forward 5=-CCGTCTACCAG AAGTTCGTC-3= and reverse 5=-GGAGCAGCTTGTCGAAATAA-3=; BBLF2/3, forward 5=-GAGACCGCAGACTCTTGTCC-3= and reverse 5=-AACTGTCCGGGAGACTCAGA-3=; BBLF4, forward 5=-CAGGGTCTG TCCCTAAACAA-3= and reverse 5=-GATAGGGGATTCCTGTCCAT-3=; BSLF1, forward, 5=-TTTCTCCATGTCACGTTTGA-3= and reverse 5=-A CACCCTCACATTCTTGGAG-3=, and BHLF1, forward, 5=-GCCCATTC GAACCCTACC-3= and reverse, 5=-CTCCACTGCACCTGGAAT-3=.
EBV lytic replication assay. BZKO cells were lysed and sonicated in 50 mM Tris-HCl (pH 8.1), 1% SDS, and 10 mM EDTA. Cell lysates were centrifuged, and supernatants were diluted 10-fold in 16.7 mM Tris-HCl (pH 8.1), 0.01% SDS, 1.1% Triton X-100, 167 mM NaCl, and 1.2 mM EDTA. Proteins were digested using proteinase K (Roche). The DNA concentration was measured by quantitative PCR.
Chromatin immunoprecipitation (ChIP). Immunoprecipitation of viral DNA was performed as previously described (32) . Rta-associated DNA was immunoprecipitated using two different antibodies, a mouse monoclonal anti-Rta antibody (Argene) and a rabbit polyclonal antibody (S2454). ZEBRA-associated DNA was immunoprecipitated using a rabbit polyclonal antibody (S1605-F) generated against the full-length protein.
RESULTS
Z(S186A), a mutant that fails to disrupt EBV latency, binds efficiently to the origin of lytic replication. Z(S186A) is defective at activating expression of Rta (34, 37) because of a defect in binding to methylated CpGs that are embedded in two ZEBRA response elements (ZREs) of Rp (38, 39) . Initially, using ChIP, we examined the capacity of Z(S186A) to bind to the upstream region of oriLyt in vivo, and we assessed the effect of overexpression of Rta on this interaction. BZKO cells, a 293 cell line harboring an EBV bacmid that lacks a functional gene for ZEBRA, were transfected with empty vector (cytomegalovirus [CMV]) or expression vectors encoding Z(S186A) or wt ZEBRA in the absence and presence of Rta. After 48 h, cells were cross-linked with formaldehyde and ZEBRA was immunoprecipitated using a specific antibody. Using real-time PCR to determine the amount of oriLyt coimmunoprecipitated with the ZEBRA protein, we found that Z(S186A) maintained 70% of the capacity of wt ZEBRA to interact with oriLyt ( Fig. 1 ). Coexpression of Rta enhanced association of Z(S186A) with oriLyt to a level equivalent to that observed with the wt ZEBRA protein alone. The effect of Rta on the interaction of ZEBRA with oriLyt was similar for both Z(S186A) and wt ZEBRA; coexpression of Rta increased the amount of oriLyt precipitated with Z(S186A) or wt ZEBRA by 43% and 53%, respectively. These results showed that Z(S186A) has the capacity to interact with oriLyt with high efficiency and that overexpression of Rta modestly, but reproducibly, enhances this interaction. Since Z(S186A) can recognize oriLyt in the absence of any other EBV replication protein, in several subsequent experiments (see Fig. 3 , 5, and 6), Z(S186A) was provided as an origin binding protein.
Role of Rta in activating expression of genes encoding the EBV replication proteins. Previous reports demonstrated that
Rta synergizes with ZEBRA to activate expression of BALF2, the ssDNA binding protein, and BMRF1, the DNA polymerase processivity factor, two essential components of the EBV replication machinery (37, 40, 41) . However, the role of Rta in activating expression of genes encoding other viral replication proteins was unknown. To determine if Rta, either alone or synergistically with Z(S186A), activates transcription of genes encoding EBV replication proteins, we isolated RNA from BZKO cells and used quantitative RT-PCR (qRT-PCR) to assess the transcript levels of five genes, i.e., those for BBLF4, BBLF2/3, BSLF1, BALF2, and BALF5, that encode replication proteins. wt ZEBRA activated transcription of all five genes, while expression of Z(S186A) alone failed to activate transcription of any of the genes examined ( Fig. 2 ). Expression of Rta activated four of the five genes, namely, BALF2, BBLF4, BBLF2/3, and BSLF1. However, the level of transcripts induced by Rta alone was always less than that obtained as a result of expressing wt ZEBRA, ZEBRA plus Rta, or, in the case of BALF2, Z(S186A) plus Rta. Since ZEBRA activates Rta in BZKO cells, the effects of ZEBRA are likely to result from the combined action of ZEBRA and Rta. Although previous reports indicated that Rta alone activates the BALF5 promoter by an indirect mechanism of interaction with the cellular proteins E2F and USF (42, 43) , we found that Rta alone did not significantly increase expression of BALF5 in BZKO cells. Consistent with a previous report showing that Z and Rta synergize to activate the BALF2 promoter (41), coexpression of Rta and Z(S186A) increased the level of BALF2 mRNA by 16-fold relative to that with Rta alone. Based on these results, genes encoding the viral replication proteins could FIG 1 Rta enhances association of wt Z and Z(S186A) to oriLyt. (A) Chromatin immunoprecipitation (ChIP) was performed on BZKO cells transfected with empty vector (CMV), wt ZEBRA (Z), or Z(S186A) with and without Rta. The cells were treated with phosphonoacetic acid to block viral replication. Cells were collected after 48 h and cross-linked with formaldehyde. The amount of ZEBRA bound to the upstream region of oriLyt was determined by real-time PCR using the standard curve method. The AntiZ/Input ratio represents the amount of oriLyt immunoprecipitated with a specific antibody to ZEBRA relative to that present in the corresponding input sample. Fold association of ZEBRA with EBV oriLyt DNA was normalized to the AntiZ/Input ratio present in cells transfected with empty vector. (B) Bar graph demonstrating the efficiency of Z(S186A), ZEBRAϩRta, and Z(S186A)ϩRta in binding to oriLyt relative to wild-type ZEBRA. The data were compiled from three independent ChIP experiments. Asterisks denote statistically significant changes (P Ͻ 0.05). ChIP of Z(S186A) to oriLyt in the presence of Rta was repeated twice, and thus no statistical analysis is available for this sample. be divided into three groups: BALF5 was activated primarily by ZEBRA; BBLF2/3, BBLF4, and BSLF1 were activated by the additive action of ZEBRA and Rta; and BALF2 and BMRF1 were activated by synergy between Rta and Z(S186A) ( Fig. 2 and 3 ) (37, 41) . For the purpose of using Z(S186A) to demonstrate a role of Rta in lytic replication, it is essential to note that this ZEBRA mutant did not synergize with Rta to activate expression of four of the six viral replication genes (those for BALF2, BALF5, BBLF2/3, BBLF4, BMRF1, and BSLF1). Therefore, since Rta was unable to provide a function that leads to transcription of the full complement of replication proteins, we provided these RPs in trans in subsequent experiments. Z(S186A), functioning as an origin binding protein, reveals a necessary role for Rta in replication. The previous experiments demonstrated that Z(S186A) could bind to oriLyt ( Fig. 1 ), but neither Z(S186A) nor Rta alone could activate the full complement of RPs (Fig. 2 ). Therefore, we conducted an experiment to determine whether providing an exogenous source of RPs with or without Rta could allow Z(S186A) to support viral replication from the endogenous viral genome. BZKO cells were transfected with either Z(S186A) or wt ZEBRA in the absence and presence of RPs. Quantitative PCR was used to determine the extent of EBV replication under each condition (Fig. 3A ). Coexpression of RPs stimulated the capacity of wt ZEBRA to induce viral DNA synthesis by 1.6-fold, as previously described (33); however, RPs alone failed to support viral DNA replication when coexpressed with Z(S186A). This result suggested that wt ZEBRA, but not Z(S186A), activated expression of an additional protein that was essential for activation of viral DNA replication from the endogenous viral genome. A likely candidate for this additional protein is Rta, since Z(S186A) is known to be defective in activating ex-pression of Rta (34) . To test whether Rta was essential for activation of viral replication from the endogenous origin of lytic replication, Rta was expressed in BZKO cells together with Z(S186A) or Z(S186A) plus RPs. EBV genome amplification was detected when Rta, Z(S186A), and a mixture of replication proteins were coexpressed together. The level of genome amplification achieved with this mixture was about 50% of that with wt ZEBRA (Fig. 3A ). In this experiment, expression of Rta plus Z(S186A) or Z(S186A) plus RPs was insufficient to activate lytic DNA synthesis.
Since late gene expression is contingent upon viral DNA replication, expression of a late protein, FR3, the smallest capsid protein, was used as an additional assay for the occurrence of viral DNA replication. Overexpression of either Rta or the replication proteins enhanced expression of the late FR3 protein by wt ZEBRA to an extent that was similar to the effect of the same proteins on DNA replication. However, FR3 was detected only when both Rta and RPs were coexpressed with Z(S186A). These results support a model in which Z(S186A), though unable to activate transcription of Rta or replication genes, can function as an origin binding protein and enable lytic viral replication and late gene expression provided that both RPs and Rta are provided in trans. The experiments illustrated in Fig. 3 
thus show that expression of Rta promotes activation of EBV lytic DNA replication and late gene expression.
Rta restores the capacity of a ZEBRA replication-defective mutant, Z(S173A), to activate viral replication and late gene expression. Serine 173 is a major phosphorylation site located upstream of the DNA binding domain of ZEBRA (44) . Failure to phosphorylate ZEBRA at this residue as a result of the Z(S173A) mutation abolishes lytic viral DNA replication; however, Z(S173A) maintains the ability to activate transcription of early FIG 2 Effects of Rta, wt Z, and Z(S186A) on the expression levels of mRNAs transcribed from EBV genes encoding lytic replication proteins. cDNA was synthesized from RNA samples isolated from BZKO cells transfected with the indicated expression vectors. Cells were harvested at 48 h after transfection. The relative concentration of each transcript was quantitated by real-time PCR using the standard curve method. GAPDH cDNA was used as an internal control for the total amount of cDNA used in each reaction. BBLF4, helicase; BBLF2/3, primase-associated factor; BALF5, DNA polymerase; BSLF1, primase; BALF2, single-stranded DNA binding protein (SSB). genes encoding replication proteins at wt levels (32) . Previously we demonstrated that overexpression of a mixture of the EBV replication proteins enhanced the interaction of Z(S173A) with oriLyt and enhanced the capacity of Z(S173A) to activate viral DNA replication and late gene expression (33) . We next assessed the capacity of Rta to rescue the phenotype of two ZEBRA mutants with mutations at the S173 phospho-acceptor site that fail to activate viral replication ( Fig. 4 ). Activation of viral replication was assessed by qPCR using primers specific to oriLyt (Fig. 4A ), while expression of late genes was detected by Western blot analysis using a specific antibody against the late FR3 protein (Fig. 4B ). Transfection of wt ZEBRA in BZKO cells activated viral replication and expression of FR3 (80-fold) compared to that in cells transfected with empty vector (CMV) (Fig. 4 , compare lanes 1 and 2). The Z(S173A) mutation reduced viral replication by 15-fold and late gene expression by 27-fold ( Fig. 4, lanes 3 and 6) . Coexpression of Z(S173A) with Rta enhanced the capacity of Z(S173A) to activate viral replication by 3.6-fold and synthesis of FR3 by 8-fold ( Fig. 4, lanes 7 and 8) . The mixture of RPs enhanced replication by Z(S173A) by 2-fold and late gene expression by 9-fold. The mutant in which S173 was replaced with phenylalanine activated expression of Rta and EA-D but not viral replication and late gene expression (Fig. 4 , lane 3, and data not shown). Expression of Rta or RPs together with Z(S173F) did not restore genome amplification or late gene expression ( Fig.  4, lanes 4 and 5) . These results show that Rta and replication proteins each can suppress the replication defect in the mutant Z(S173A) but not Z(S173F). vector (CMV) or plasmids encoding wt ZEBRA (Z) or Z(S186A) with or without expression vectors for Rta, EBV replication proteins, or Rta plus EBV replication proteins was analyzed for its EBV genome content by quantitative PCR using primers specific for the upstream region of oriLyt. The extent of EBV genome amplification was normalized to the amount of DNA detected in cells transfected with empty vector. RPs, 2 g of each of the six EBV replication proteins (BBLF4, BBLF2/3, BSLF1, BALF2, BMRF1, and BALF5). (B) Western blot analysis of the same samples. The membrane was blotted with antibodies against the late protein FR3, the ZEBRA protein, and the FLAG epitope. Both BALF2 and BMRF1 were expressed with a FLAG tag at their N termini. The asterisk denotes statistically significant changes (P Ͻ 0.05). The P value was calculated from four independent experiments.
Deletion of the last 55 amino acids of Rta abolishes its role in supporting viral DNA replication. The next experiments were directed at determining whether the functions of Rta involved in replication overlap those involved in transcription. The transactivation domain of Rta, located at the C terminus, extends from amino acid 352 to the last residue in the protein, aa 605. Previous functional analysis of this domain revealed two important regions, a proline-rich region (aa 352 to 515) and an acidic region (aa 515 to 605) (24, 45) . The proline rich region can be divided into two subregions, aa 352 to 410 and aa 450 to 500. In addition, a DNA binding-inhibitory sequence (DBIS) spans the region between aa 555 and 605 (25) . Deletion of this region enhanced the capacity of Rta to bind to its corresponding response elements. To characterize the regions of Rta necessary for viral DNA replication, we assessed the capacity of progressive C-terminal deletions in Rta to support viral replication in BZKO cells when Z(S186A) was used as an origin binding protein and all six components of the replication machinery were supplied in trans to compensate for the loss of the capacity of the Rta deletion mutants to activate transcription of viral genes encoding replication proteins. Expression of wt and mutant Rta was confirmed by Western blot analysis (data not shown). While wt Rta plus Z(S186A) and RPs activated EBV lytic DNA replication to a level equal to 25.2% of that detected in cells transfected with wt ZEBRA, all three Rta deletion mutants, Rta(1-350), Rta(1-450), and Rta(1-550), failed to support viral replication under the same conditions. Two phenylalanines, F600 and F605, were previously shown to contribute to the activity of the DBIS (25) . Alanine substitutions at these positions, F600A and F605A, increased the DNA binding activity of full-length Rta compared to wt Rta. To assess the im- (A) Total DNA prepared from BZKO cells transfected with wt ZEBRA, Z(S173F), and Z(S173A) in the absence and presence of Rta or a mixture of all the EBV replication proteins was analyzed by quantitative PCR for the level of the upstream oriLyt region as a marker for viral replication. The relative DNA concentration was calculated using the standard curve method. (B) Immunoblots of cell lysates prepared from the same cell lysates were probed with antibodies against FLAG, Rta, Z, and FR3. RPs, 2 g of each of the six EBV replication proteins (BBLF4, BBLF2/3, BSLF1, BALF2, BMRF1, and BALF5). portance of these two phenylalanines in activation of viral DNA replication, we compared the amount of viral DNA detected in BZKO cells transfected with wt Rta or Rta(F600A/F605A) together with Z(S186A) and RPs using qPCR (Fig. 5 ). We found that these two phenylalanine-to-alanine substitutions reduced viral replication by 62.6% relative to that with wt Rta. In a separate experiment, we found that the R(F600A/F605A) mutant, when expressed together with Z(S186A) and RPs, was defective in activating late gene expression (see Fig. 7, lane 12) . In summary, the deletion mutants showed that the last 55 amino acids of Rta were essential for its role in lytic viral DNA replication. The R(F600A/F605A) point mutant indicated that these two residues within the carboxy terminus of the protein facilitated replication. (1-595) and Rta(F600A/ F605A) to activate expression of the early protein BMRF1. The mutations of Rta that impair replication also impinge on functions of the protein that are required for transcription. In the next experiments, representing an attempt to distinguish effects of mutations on transcription from effects on replication, expression of the BMRF1 gene was used as a marker for the ability of Rta mutants to activate early gene expression. The BMRF1 open reading frame encodes the DNA polymerase processivity factor, also known as early antigen diffuse (EA-D). Activation of expression of the BMRF1 gene is mediated by synergy between ZEBRA and Rta; synergy in activation of BMRF1 expression is defined by the combined action of the mutant Z(S186A) and Rta, neither of which Quantitative PCR was used to measure the extent of EBV genome amplification in BZKO cells coexpressing Z(S186A) together with a mixture of the six EBV replication proteins and either wt Rta or mutant Rta. Viral genome synthesis was monitored using primers specific to the upstream region of oriLyt. Fold genome amplification was normalized to the amount of oriLyt DNA detected in BZKO cells transfected with empty vector (CMV). RPs represent all six EBV replication proteins (BBLF4, BBLF2/3, BSLF1, BALF2, BMRF1, and BALF5). activates BMRF1 expression when present individually (34, 40) . We found that Rta deletion mutants that lack the C-terminal 55 or 10 amino acids were defective in synergy with Z(S186A) to activate expression of the BMRF1 protein (Fig. 6, lanes 5 and 7) . Similarly, the R(F600A/F605A) mutant also failed to activate expression of BMRF1 in the presence of Z(S186A). These mutants retain the DNA binding domain, the dimerization domain, the two accessory transactivation domains of Rta, and portions of the acidic activation domain. Fusion of the VP16 transactivation domain (positions 413 to 490) to Rta(1-595) and to Rta(F600A/F605A) restored the transcriptional function of these mutants, which thus regained the capacity to activate the BMRF1 protein when coexpressed with Z(S186A) (Fig. 6, lanes 8 and 10) .
VP16 restores the capacity of Rta
Addition of the heterologous VP16 transactivation domain to Rta deletion mutants fails to rescue their capacity to support viral DNA replication. To investigate further whether the capacity of Rta to activate transcription was sufficient to induce lytic DNA replication from the endogenous viral genome, the three Rta mutants Rta(1-550), Rta(1-595), and R(F600A/F605A) without or with fusion to the transactivation domain of VP16 were compared to wt Rta for their capacity to activate viral replication. (Fig.  7) . The assay was conducted in BZKO cells cotransfected with vectors encoding Z(S186A) and a mixture of the 6 known viral replication proteins. In agreement with data shown in Fig. 3 , coexpression of Z(S186A) and replication proteins was insufficient to activate late gene expression and viral replication, but addition of Rta to this mixture activated both processes (Fig. 6 ). In this experiment, coexpression of Z(S186A) and Rta without replication proteins activated late gene expression and viral DNA amplification to low levels. Addition of VP16 to full-length Rta suppressed the ability of Rta to activate late gene expression and viral DNA replication (see Discussion). Fusion of VP16 to Rta(1-550), Rta(1-595) or Rta(F600A/F605A) failed to rescue the ability of these mutants to activate replication and late gene expression, although the chimeric mutants Rta595ϩVP16 and RtaFAϩVP16 strongly activated expression of BMRF1 (Fig. 6) . These results suggest that the ability of Rta to support viral replication was not solely linked to its capacity to activate transcription.
Rta interacts with oriLyt in vivo. Our previous experiments provided genetic evidence for an independent function of Rta in supporting lytic viral DNA replication in the presence of ZEBRA mutants that are defective in this function. To begin to investigate a possible biochemical mechanism underlying the role of Rta in replication, we used chromatin immunoprecipitation to assess the capacity of Rta to interact physically with oriLyt in vivo and to determine whether ZEBRA influences such an interaction. BZKO cells were transfected with empty vector (CMV), Rta, or a combination of Rta and ZEBRA. Phosphonoacetic acid (PAA), an inhibitor of the viral DNA polymerase, was added to arrest DNA replication so that the amounts of input DNA would be comparable in all the samples. Cells harvested at 48 h after transfection were cross-linked with formaldehyde. The chromatin immunoprecipitation experiment was performed twice using mouse monoclonal and rabbit polyclonal antibodies to Rta. Quantitative PCR was used to analyze Rta-bound DNA. Two different regions of oriLyt were examined: the upstream region, which contains ZEBRA binding sites but no canonical Rta sites, and the enhancer region, which contains both ZEBRA and Rta binding sites. The two antibodies to Rta immunoprecipitated 3.7-and 2.4-fold more enhancer region in cells expressing Rta alone than in cells transfected with empty vector, (Fig. 8 ). Coexpression of ZEBRA and Rta markedly enhanced association of Rta with the enhancer region, by 24.6-and 13.8-fold. Using either of the two Rta-specific antibodies, we could not demonstrate an association between Rta and the upstream region of oriLyt when Rta alone or Rta plus ZEBRA was expressed (Fig.  8 ). In addition, no Rta-oriLyt complexes were immunoprecipitated using nonspecific antibodies, e.g., FLAG antibody (data not shown). These results provide strong evidence that Rta associates with oriLyt, presumably through the two Rta binding sites known to be present in the enhancer region. ZEBRA markedly enhances this interaction.
FIG 6
Addition of the heterologous VP16 transactivation domain to Rta deletion mutants restores the capacity of Rta to activate expression of BMRF1 by synergy with Z(S186A). Western blot analysis of BZKO cells expressing Z(S186A) together with full-length or mutated Rta with or without VP16 fusions is shown. Cells were harvested after 48 h. The membrane was blotted with antibodies against Rta and BMRF1.
ZEBRA and Z(S186A) promote the binding of Rta to the enhancer region of oriLyt. Since addition of Z(S186A) and a mixture of RPs to Rta promoted lytic viral DNA replication and late gene expression ( Fig. 3) , the next experiment addressed the question whether the interaction of Rta with oriLyt was augmented when Z(S186A) or RPs were coexpressed with Rta. In the ChIP experiment illustrated in Fig. 9A , Rta by itself only weakly interacted with the enhancer region of oriLyt; however, its interaction with oriLyt increased about 4.2-fold when ZEBRA was coexpressed. Coexpression of Z(S186A) also enhanced the interaction of Rta with oriLyt 2.9-fold. The interaction of Rta with oriLyt was minimally enhanced by coexpression of RPs (1.4-fold) , but the combination of Z(S186A) and RPs promoted Rta binding by 4.5-fold, an effect similar to that observed when wild-type ZEBRA and Rta were coexpressed.
The same cell lysates were analyzed for the amount of Rta protein in the input and in the immunoprecipitate (Fig. 9B ). Coexpression of ZEBRA enhanced the level of Rta in the immunoprecipitate by 5-fold. Coexpression of the Z(S186A) mutant enhanced Rta expression 55-fold compared to Rta alone (Fig. 9B,  compare lanes 8 and 10) . RPs by themselves did not enhance Rta expression. The addition of RPs to the mixture of Rta and Z(S186A) also enhanced the level of Rta by 37-fold. Since both wt ZEBRA and Z(S186A) enhanced expression of Rta, the enhancing effect of ZEBRA and the Z(S186A) mutant could be attributed to a mixture of enhanced expression of Rta and independent en- hancement of binding of Rta to oriLyt (see Discussion). Nonetheless, the results in Fig. 9 clearly demonstrated that Rta interacts preferentially with the enhancer region of oriLyt. Thus, one possible mechanism by which Rta enhances lytic replication is through interaction with the "enhancer" region of oriLyt. Z(S186A) and Rta synergize to activate transcription of the BHLF1 transcript. The upstream component of oriLyt coincides with the BHLF1 promoter. Mutations in this region disrupt both oriLyt-mediated replication and activation of the BHLF1 promoter (13, 18) . A recent report linked activation of oriLyt with transcription of the BHLF1 gene. The BHLF1 transcript played a role in recruiting the viral ssDNA binding protein, BALF2, to an oriLyt plasmid (23) . In our experiments ( Fig. 3, 4, 5, and 7) , we found that Z(S186A), Rta, and a mixture of replication proteins activated viral DNA replication from the endogenous viral genome. This result suggested that Z(S186A), Rta, or a combination of both proteins might activate expression of the BHLF1 transcript. To examine this possibility, we transfected BZKO cells with either empty vector or expression vectors expressing the following proteins: Rta, ZEBRA, ZEBRA plus Rta, Z(S186A), Z(S186A) plus Rta, and Z(S186A) plus Rta and a mixture of the six replication proteins. The cells were harvested at 48 h after transfection. RNA was purified from transfected cells, and the concentrations were adjusted to 100 ng/l. qRT-PCR was performed to assess the level of the BHLF1 transcript. The relative expression of BHLF1 was adjusted to the concentration of 18S RNA present in each sample. We found that expression of ZEBRA and ZEBRA plus Rta increased the level of BHLF1 mRNA by 166-and 158-fold, respectively, compared to that in CMV-transfected cells (Fig. 10A) . Expression of Rta or Z(S186A) individually or a mixture of the six replication proteins did not induce synthesis of the BHLF1 transcript. However, coexpression of Z(S186A) plus Rta in the absence and presence of replication proteins increased the level of BHLF1 mRNA by 40-and 36-fold, respectively, relative to that with empty vector. Thus, Rta and Z(S186A) synergized to activate BHLF1, and the RPs did not affect the efficiency of this process.
To assess expression of transfected plasmids, lysates were prepared from a second fraction of the same cells (Fig. 10B) . The proteins were separated by 10% SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was blotted with antibodies specific to ZEBRA, Rta, and ␤-actin, which served as a loading control. Similar to our findings in Fig. 3 and 9 , expression of Rta was significantly enhanced when ZEBRA or Z(S186A) was coexpressed in BZKO cells (Fig. 10B, compare lane 2 with lanes 4,  6, and 7) . While our results suggest that expression of BHLF1 mRNA requires Rta, the level of BHLF1 transcript was independent of the amount of Rta expressed in BZKO cells. For example, despite the higher level of Rta in cells transfected with expression vectors for ZEBRA and Rta relative to that in cells transfected with ZEBRA alone (Fig. 10B, lanes 3 and 4) , both conditions resulted in equal levels of the BHLF1 transcript (Fig. 10A) .
Although the BHLF1 promoter was previously reported to be activated solely by the ZEBRA protein using reporter assays (12) , our result demonstrated that Rta was unequivocally necessary for activation of the BHLF1 transcript from the endogenous viral genome. The capacity of Rta to activate expression of BHLF1 mRNA might contribute to the function of the Rta protein in the process of viral DNA replication.
DISCUSSION
This report expands our understanding of the mechanisms that regulate EBV genome amplification. We provide several types of evidence that indicate an essential function of Rta in lytic EBV DNA replication. Although the ZEBRA mutant Z(S186A) is unable to activate expression of Rta and the six EBV-encoded lytic replication proteins, we found that it is capable of interacting with oriLyt and functioning as an origin binding protein. This unique phenotype of Z(S186A) allowed us to demonstrate that the known replication proteins together with a form of ZEBRA competent to bind oriLyt are incapable of activating replication of the endogenous EBV genome unless Rta was provided. These observations lead us to conclude that Rta plays an essential role in the process of viral DNA replication that can be separated from its capacity to activate transcription of viral replication genes. The role of Rta in replication requires the 10 C-terminal amino acids of the protein. Rta associates with the enhancer region of oriLyt. Coexpression of ZEBRA, Z(S186A), or the mixture of Z(S186A) plus replication proteins promotes association of Rta with the enhancer region. Rta associates only weakly or not at all with the upstream region, an essential element of oriLyt; however, Rta and Z(S186A) functionally interact at this site to activate expression of the BHLF1 transcript, presumably through activation of the BHLF1 promoter, which overlaps with the upstream element. In summary, our data strongly support a distinct and necessary function for Rta in the process of viral DNA replication. Z(S186A) functions as an origin binding protein. ZEBRA is an origin binding protein and a transcription activator that leads to expression of all lytic cycle proteins. Previous reports described several ZEBRA mutants that can segregate these two main functions of the protein. However, these mutants fall in one functional category; they are competent to activate transcription but defective in supporting viral DNA replication (32, 46, 47) . Here we demonstrate that Z(S186A) has a unique phenotype; it supports viral DNA replication despite a specific defect in activation of transcription of Rta and other viral replication genes ( Fig. 2 and 3 ) (34, 37, 40) . Characterization of this transactivation-defective but replication-competent ZEBRA mutant allowed us to answer several unresolved questions about the process of EBV lytic replication. These questions include whether ZEBRA can bind to oriLyt in the absence of any other lytic cycle products, whether Rta can bind to oriLyt in vivo and the effect of ZEBRA on this interaction, and whether the viral replication proteins are sufficient to amplify the endogenous viral genome in the absence of Rta.
The DNA binding activity of ZEBRA is integral to its capacity to activate transcription and replication. The failure of Z(S186A) to disrupt latency has been attributed to changes in ZEBRA's con-formation and to a change in DNA binding specificity, including a failure to bind methylated ZEBRA response elements present in viral promoters (34, 38, 48) . Since none of the ZEBRA response elements present in oriLyt contain CpG motifs, we hypothesized that DNA methylation would not impede the capacity of Z(S186A) to recognize oriLyt. Indeed, in our experiments we found that Z(S186A) maintains the capacity of ZEBRA to interact with oriLyt ( Fig. 1 ). Coexpression of Rta reproducibly increased association of Z(S186A) with oriLyt to levels equal or higher than that of wt ZEBRA. Since Z(S186A) failed to activate expression of any lytic cycle genes encoding replication proteins (Fig. 2) , the initial interaction between ZEBRA and oriLyt does not require the six known virally encoded replication proteins. However, expression of replication proteins enhances the interaction of ZEBRA with the upstream region of oriLyt (33) .
Rta interacts with oriLyt. We demonstrate that Rta by itself weakly interacts with the enhancer region but not the upstream region of oriLyt ( Fig. 8 ). Coexpression of ZEBRA markedly augmented the association of Rta with the enhancer region of oriLyt. The mixture of Z(S186A) and RPs that support viral replication in the presence of Rta also allows Rta to bind to the enhancer region of oriLyt. The efficiency of binding of Rta to oriLyt in the presence of ZEBRA or in the presence of Z(S186A) plus RPs is similar (Fig.  9A) . While our experiments to study the capacity of Rta to associate with the distinct regions of oriLyt were in progress, Heilmann et al., using a ChIP-seq approach, reported that the bidirectional BHLF1/BHRF1 promoter that overlaps oriLyt was one of the high-confidence Rta binding sites (49) . Our inability to detect an interaction between Rta and the upstream region of oriLyt in the absence or presence of ZEBRA could be attributed either to the lack of such an interaction or to a defect in the ChIP assay used to detect such an interaction. For example, Rta might be involved in multiple protein-protein interactions at the upstream region of oriLyt that mask the epitope recognized by the Rta antibody. As a result of this steric hindrance, attempts to immunoprecipitate Rta complexed with the upstream region of oriLyt would fail. Assays other than ChIP, such as in vivo biotin-ylated DNA affinity assay (iBDAA), might help reveal an interaction between Rta and the upstream region of oriLyt.
How does ZEBRA or Z(S186A) plus RPs promote association of Rta with the enhancer region of oriLyt? The experimental observation ( Fig. 9B ) that both ZEBRA and Z(S186A) increased the level of Rta protein expressed from the transfected plasmid may partially explain the effect of ZEBRA on the binding of Rta to oriLyt. However, two additional observations make it unlikely that the expression level of Rta alone accounts for its increased binding to DNA in the presence of ZEBRA. First, in the experiment illustrated in Fig. 9 , the increase in the expression level of Rta was 11-fold greater in the presence of S186A than in the presence of wt ZEBRA, but the Z(S186A) mutant was less efficient than wild-type ZEBRA at promoting the interaction of Rta with oriLyt. Second, RPs enhanced the binding of Rta to oriLyt in the presence of Z(S186A) but did not increase the Rta protein level.
Many other scenarios could account for the capacity of Z or Z(S186A) and RPs to facilitate binding of Rta to oriLyt. A direct interaction of ZEBRA with Rta might elicit a conformation of Rta that is more favorable for DNA binding (25) . Signaling events induced by ZEBRA might cause posttranslational modifications that alter the DNA binding activity of Rta (50) . ZEBRA might alter the chromatin structure, allowing Rta to interact with DNA (51, 52) . ZEBRA might activate expression of cellular or viral proteins that regulate the DNA binding activity of Rta. ZEBRA might recruit replication proteins that interact with Rta in such a way as to promote binding of Rta to DNA (22) .
Possible direct roles of Rta in replication. Involvement of cellular or viral proteins in the process of EBV replication was previously assessed using a cotransfection replication assay employing a plasmid containing oriLyt and expression vectors for replication proteins (7, 12, 13, 19, 20, 23) . However, to our knowledge, experiments that probe the role of Rta in replication of the endogenous EBV genome have not been reported. In order to gain insight into the role of Rta in viral DNA replication, one might first consider the differences between replicating an oriLyt-containing plasmid and the endogenous viral genome. An obvious distinction between these two replication systems would be differences in epigenetic regulation of the two types of templates. Unlike plasmids, the endogenous origin of lytic replication exists in a closed chromatin conformation during latency. Hence, one possible function for Rta during lytic genome amplification is to alter the chromatin structure at oriLyt, thereby providing access to other components of the replication machinery. Rta interacts with CREB binding protein (CBP), a transcription coactivator with intrinsic histone acetyltransferase activity (53) . Acetylation of histones by CBP could result in an open chromatin structure at oriLyt, a condition that would favor recruitment of replication proteins to the origin. Both the amino-and carboxy-terminal regions of CBP independently interact with Rta (53) . Conversely, multiple domains in Rta are necessary for its interaction with CBP. One of these domains is the C-terminal transactivation domain. In our study we found that mutations in the transcriptional activation domain of Rta, including deletion of the last 10 amino acids, abolished the capacity of Rta to activate transcription or to support viral DNA replication ( Fig. 5, 6, and 7) (25) . In addition to CBP, other chromatin-remodeling proteins might play a role in the effect of Rta on replication. While interactions between Rta and the SWI/SNF complex have yet to be described, the carboxyl region of ORF50, the KSHV homolog of Rta, interacts with the SWI/SNF complex and recruits it to lytic viral promoters (54) .
The BHRF1 promoter overlaps with the enhancer region of oriLyt and is activated by both ZEBRA and Rta (2, 40, 55) . Two Rta binding sites were mapped in this region using a gel retardation assay (56) . In our results, we found that the weak association of Rta with this specific region of oriLyt was markedly enhanced in the presence of ZEBRA. Thus, an additional protein-protein interaction is likely to be required for Rta to interact with oriLyt ( Fig.  8) . Alternatively, the RREs in the BHRF1 promoter might function as a distant enhancer of BHLF1 transcription.
A third possible contribution of Rta in the process of viral genome amplification might involve stabilizing the formation of a replication complex or tethering replication proteins to oriLyt. For KSHV, Wang et al. proposed a model for recruitment of KSHV replication proteins to oriLyt in which both K-bZIP, the homolog of ZEBRA, and ORF50 interact with the core components of the replication machinery to form one complex. The whole complex then binds to the respective K8 and ORF50 sites on oriLyt in what was referred to as a two-point contact interaction between the replication complex and oriLyt (29) . In our experiments we found that Rta enhanced the interaction of Z(S186A) with the upstream region of oriLyt by 2-fold in the absence of replication proteins (Fig. 1) . Similarly, ZEBRA enhanced Rta interaction with the enhancer region of oriLyt by 4-to 6-fold ( Fig. 8 ). Z(S186A) also enhanced association of Rta with the enhancer region by 2.8-fold (Fig. 9 ). The effect of ZEBRA on association of Rta with oriLyt could be a direct effect of ZEBRA itself or an effect of any other viral or cellular protein whose expression is stimulated by ZEBRA during the lytic cycle. For example, Rta has been shown to interact with the primase-associated factor BBLF2/3, a component of the heterotrimeric helicase-primase complex whose expression was strongly stimulated by the combination of ZEBRA and Rta (Fig. 2) (22, 57) . Therefore, association of Rta with oriLyt and its capacity to interact with replication proteins suggests that the protein might play a role in the assembly or the recruitment of the replication machinery to oriLyt.
A fourth possible contribution of Rta in replication of the EBV genome involves its capacity to localize to replication compartments. Together with other replication proteins, such as BMRF1 and BALF2, Rta localizes to replication compartments in EBVpositive cells undergoing viral replication (26, 27) . Thus, Rta might recruit various components of the replication machinery to subnuclear sites at which synthesis of viral DNA takes place. In summary, Rta might alter the chromatin structure at oriLyt, activate transcription of oriLyt flanking genes, stabilize the replication complex, or recruit replication proteins to oriLyt and replication compartments. However, it is likely that these potential functions of Rta in viral replication are not mutually exclusive; Rta might perform multiple roles in replication.
Possible indirect roles of Rta in replication. Rta might contribute to activation of oriLyt indirectly by inducing transcription and promoting expression of proteins that are necessary for the process of viral DNA replication. Rennekamp and Lieberman recently reported that the BHLF1 or BHRF1 transcripts are required for replication of an oriLyt reporter plasmid (23) . The BHLF1 promoter overlaps almost completely the upstream region of ori-Lyt; this region contains four ZEBRA response elements. Mutational analysis of individual ZREs in the BHLF1 promoter/oriLyt upstream region demonstrated that the same sites are necessary for oriLyt-mediated replication and transcription of BHLF1 (12) . Using plasmid reporter assays, it was previously shown that ZEBRA alone can activate the BHLF1 promoter (12) . However, in our experiments we found that the BHLF1 promoter is a synergistic target for both Z(S186A) and Rta (Fig. 10) , neither of which alone could activate this transcript. This result might explain differences in the requirement of Rta for replication of a plasmid containing oriLyt versus replication of the endogenous viral genome. Thus, Rta might contribute to activation of oriLyt by inducing transcription through the BHLF1 or BHRF1 promoters. In addition, Rta might activate transcription of early viral proteins that enhance the process of viral DNA replication. These might include BMLF1, EBV-encoded dUTPase, ribonucleotide reductase, and thymidine kinase.
Previously, Rta was found to be dispensable for replication of an oriLyt-containing plasmid, although Rta expression augmented the replication efficiency of such a plasmid (7) . The mechanism by which Rta exerted its stimulatory effect on replication of the oriLyt plasmid is not understood but presum-ably was not related to consequences that Rta might have on epigenetic modifications. Contrary to the previously proposed auxiliary role of Rta in the plasmid replication assay, our findings argue for an essential role of Rta in amplification of the endogenous viral genome. In addition to activating expression of genes encoding replication proteins (Fig. 11A ), Rta is likely to have distinct and direct roles in the process of viral DNA replication (Fig. 11B) . A stimulatory role that is observed in a transient-replication assay could be attributed to a function of Rta in stabilizing the replication complex. Other essential roles, manifested only when activation of the endogenous origin is examined, could be attributed to the ability of Rta to modify the epigenetics of oriLyt and to activate transcription of adjacent genes. It is important to note that our conclusion about the essential function of Rta in replication of the endogenous viral genome does not require an experimental system using the S186A or S173A ZEBRA mutant. In 293 cells carrying an EBV bacmid with inactivation of both BZLF1 and BRLF1, the genes encoding ZEBRA and Rta proteins, respectively, expression of wt ZEBRA together with a mixture of replication proteins failed to support viral DNA replication. However, coexpression of ZEBRA plus Rta restored viral DNA replication (unpublished data). This finding represents an additional proof for the indispensable role of Rta in EBV lytic DNA replication from the endogenous viral genome.
In conclusion, we have described an essential role for Rta in amplification of the EBV genome during the viral lytic cycle. Further experiments on the function of Rta in replication will provide new insights into the complex process of lytic EBV DNA replication, particularly origin recognition, tethering of replication proteins to oriLyt, and the mechanisms required to activate oriLyt.
